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Abstract

Aims/hypothesis Circulating [3-carotene levels are inversely
associated with risk of type 2 diabetes, but the causal
direction of this association is not certain. In this study we
used a Mendelian randomisation approach to provide
evidence for or against the causal role of the antioxidant
vitamin 3-carotene in type 2 diabetes.

Methods We used a common polymorphism (rs6564851)
near the BCMOI gene, which is strongly associated with
circulating B-carotene levels (p=2x10"2%), with each G
allele associated with a 0.27 standard deviation increase in

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-009-1475-8) contains supplementary material,
which is available to authorised users.

J. R. B. Perry * N. Rice * D. Melzer - A. T. Hattersley *
M. N. Weedon * T. M. Frayling (<)

Genetics of Complex Traits, Peninsula Medical School,
Magdalen Road,

Exeter EX1 2LU, UK

e-mail: tim.frayling@pms.ac.uk

L. Ferrucci

Longitudinal Studies Section, Clinical Research Branch,
National Institute on Aging, National Institutes of Health,
Bethesda, MD, USA

S. Bandinelli
Geriatric Unit, Azienda Sanitaria di Firenze,
Florence, Italy

J. Guralnik

Laboratory of Epidemiology, Demography, and Biometry,
National Institute on Aging, National Institutes of Health,
Bethesda, MD, USA

R. D. Semba
Johns Hopkins University School of Medicine,
Baltimore, MD, USA

levels. We used data from the InCHIANTI and Uppsala
Longitudinal Study of Adult Men (ULSAM) studies to
estimate the association between (3-carotene levels and type
2 diabetes. We next used a triangulation approach to
estimate the expected effect of rs6564851 on type 2
diabetes risk and compared this with the observed effect
using data from 4549 type 2 diabetes patients and 5579
controls from the Diabetes Genetics Replication And Meta-
analysis (DIAGRAM) Consortium.

Results A 0.27 standard deviation increase in [3-carotene
levels was associated with an OR of 0.90 (95% CI 0.86-0.95)
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for type 2 diabetes in the INCHIANTI study. This association
was similar to that of the ULSAM study (OR 0.90
[0.84-0.97]). In contrast, there was no association between
rs6564851 and type 2 diabetes (OR 0.98 [0.93-1.04],
p=0.58); this effect size was also smaller than that expected,
given the known associations between rs6564851 and
[3-carotene levels, and the associations between (3-carotene
levels and type 2 diabetes.

Conclusions/interpretation Our findings in this Mendelian
randomisation study are in keeping with randomised
controlled trials suggesting that 3-carotene is not causally
protective against type 2 diabetes.

Keywords {3-Carotene - Mendelian randomisation -
Type 2 diabetes

Abbreviations
DGI Diabetes Genetics Initiative

DIAGRAM Diabetes Genetics Replication And
Meta-analysis

FUSION Finland—United States Investigation of
NIDDM Genetics

SNP Single nucleotide polymorphism

ULSAM Uppsala Longitudinal Study of Adult Men

WTCCC Wellcome Trust Case Control Consortium

Introduction

Circulating 3-carotene levels are associated with type 2
diabetes, but the causal direction of this association is
disputed. Recently, Arnldv et al. reported results of a
longitudinal community-based study, Uppsala Longitudinal
Study of Adult Men (ULSAM), assessing effect of serum
and dietary (3-carotene on the incidence of type 2 diabetes
[1]. This study observed a strong association between
increased baseline serum levels of [(3-carotene at age
50 years and reduced type 2 diabetes incidence during
27 years of follow-up. For a 1 SD increase in serum
[3-carotene, the authors observed a protective effect with an
OR of 0.68 (95% CI 0.53-0.89). They also reported that a 1
SD increase in [3-carotenc levels at age 50 years was
associated with improved insulin sensitivity at age 70 years
in non-diabetic individuals. Arnldv et al. argued that these
associations support the importance of impaired antioxidant
status for the development of insulin resistance and type 2
diabetes. They also suggested that antioxidants could be
involved early in the pathological processes leading to
diabetes and that it takes a long period of exposure to low
antioxidant levels before metabolic factors are affected.
These findings are consistent with some but not all
observational epidemiological reports on the role of

@ Springer

[3-carotene levels in type 2 diabetes. Previous studies have
provided evidence that [3-carotene is not causally associated
with type 2 diabetes [2, 3]. Notably three placebo-
controlled trials, the Physicians’ Health Study [4], the
Alpha-Tocopherol, Beta-Carotene Cancer Prevention
(ATBC) Study [5] and the Women’s Antioxidant Cardio-
vascular Study [6] have all reported null effects of mega-
dose [-carotene supplementation on adverse metabolic
effects, including type 2 diabetes.

A caveat to observational epidemiological studies is
that associations between risk factors and disease
incidence many years later do not necessarily strengthen
the case that the risk factor is causal. Disease processes
can begin many years before disease diagnosis, with
adverse metabolic effects being reported as early as the
first decade of life [7]. Confounding factors may also
result in a misleading association between antioxidant
vitamins and adverse metabolic outcomes such as diabetes.
We note that the association between [3-carotene levels and
type 2 diabetes in the ULSAM study was stronger before
correcting for BMI, self-reported physical activity and
smoking status [1].

Genetics studies may be able to help dissect the causal
directions of disease biomarker associations. Genotypes
cannot be influenced by disease status or any other trait,
making them much less likely than non-genetic factors to be
confounded or to be the result of reverse causation. This
principle of ‘Mendelian randomisation’ has been applied
before to indicate that C-reactive protein is unlikely to have a
causal role in the development of various metabolic traits [8].
More recently it has also been applied to examine the
possible associations between a range of inflammatory
proteins and type 2 diabetes, with the authors finding no
evidence of a causal role of inflammatory or autoimmune
factors, including interleukin 18, on type 2 diabetes risk, [9].

Here, we have used a Mendelian randomisation ap-
proach to help dissect the causal role of 3-carotene in type
2 diabetes risk (Fig. 1). To do this we used: (A) a common
polymorphism (rs6564851) near the BCMO! gene, recently
identified as strongly associated with circulating (3-carotene
levels; (B) an estimate of the association between
[3-carotene levels and type 2 diabetes using two studies;
(C) an estimate of the expected effect of rs6564851 on type
2 diabetes risk given (A) and (B); and finally (D) a large
case—control study to assess the observed effect of the
[3-carotene-associated single nucleotide polymorphism
(SNP) on type 2 diabetes.

Methods

SNP—-(-carotene association We recently reported results
from a genome-wide association study that identified a
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(B) OR 0.90 (95% CI 0.86—0.94) per 0.27 SDs
(InCHIANTI [11] and Arnov et al. [1])
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Fig. 1 Triangulation of (3-carotene levels and risk of type 2 diabetes.
Associations between: the SNP rs6564851 and f3-carotene levels;
{3-carotene levels and type 2 diabetes; and the expected and observed
effects of rs6564851 on type 2 diabetes. Odds ratios for the
association between (-carotene and type 2 diabetes were estimated
for a 0.27 SD increase in [3-carotene

polymorphism near the BCMO1 gene as robustly associated
with fasting serum [3-carotene levels (rs6564851,
p=2x10"%*,0.15 mmol/l per allele effect) [10]. The finding
was consistent across three studies including individuals
from across the adult age range. Using discovery and
replication data combined, each G allele at rs6564851 was
associated with a 0.27 SD increase in [3-carotene levels.

B-Carotene—type 2 diabetes association To obtain an
estimate of the association between circulating [3-carotene
and type 2 diabetes, we used data from Amlov et al. [1] and
unpublished data from the InCHIANTI study [11]. For
InCHIANTI, age- and sex-adjusted z scores were produced
for fasting serum 3-carotene levels (n=1191). Of these 1191
individuals, 112 had clinically defined type 2 diabetes.
Linear regression was used to estimate the correlation
between f3-carotene levels and type 2 diabetes risk. Within
the InCHIANTI cohort, a 1 SD increase in circulating
[3-carotene was associated with reduced type 2 diabetes risk
(OR 0.68 [95% C.I 0.56-0.82]). This was similar to the
findings of Amldv et al. in their combined (lifestyle and
metabolic covariates) model (OR 0.68 [0.53—0.89]) [1].

Estimated SNP—type 2 diabetes association Given the
common polymorphism (rs6564851) near the BCMO1 gene
and our estimate of the association between [3-carotene
levels and type 2 diabetes using two studies, we calculated
that, if circulating (3-carotene levels were causally involved
in type 2 diabetes, a SNP with a 0.27 SD increase in
circulating levels should give a reduced type 2 diabetes risk
of approximately OR 0.90 (95% CI 0.86-0.94).

These estimated ORs and Cls were calculated by meta-
analysis of the two effect estimates of a 1 SD increase in
[3-carotene levels on type 2 diabetes risk from the INCHIANTI

[11] and ULSAM studies [1]. To estimate a 0.27 SD effect,
we then multiplied 0.27 by the 1 SD OR effect sizes on the
natural log scale, e.g. exp(0.27xIn[0.68])=0.90.

Observed SNP-type 2 diabetes association We used data
from the published dataset of 4549 type 2 diabetes patients
and 5579 controls from the Diabetes Genetics Replication
And Meta-analysis (DIAGRAM) consortium [12] to calculate
an observed effect of 156564851 on type 2 diabetes risk (for
details of the three cohorts: Wellcome Trust Case Control
Consortium (WTCCC), Finland—United States Investigation
of NIDDM Genetics (FUSION), Diabetes Genetics Initiative
(DGI), see Electronic supplementary material [ESM] Table 1
and Zeggini et al. [12]). Within the DIAGRAM meta-
analysis data, rs6564851 was directly genotyped in one of
three studies (FUSION) and passed all imputation-QC
criteria (minor allele frequency ~ 45%, DGI r*hat=0.76,
WTCCC average maximum_posterior_call=0.96) in the two
studies which imputed it.

Results

We did not observe any association between the f3-
carotene SNP rs6564851 and type 2 diabetes risk (OR
0.98 [95% CI 0.93-1.04], p=0.58). Each [(-carotene-
raising allele of the SNP was associated with a point
estimate effect size (OR 0.98) outside the effect range
predicted from the circulating levels estimate (0.86—0.94).
The individual effect estimates for each of the three
DIAGRAM studies is presented in Fig. 2.

Discussion

Our data provide evidence that life-long exposure to
modestly lower {3-carotene levels does not increase the risk
of type 2 diabetes. Our results are in keeping with the
negative results from randomised controlled trials [4—6].

Odds ratio for
Study T2D risk (95% CI)
rs6564851
WTCCC T 0.98 (0.91-1.06)
DGI - 1.01 (0.90-1.14)
FUSION 1 0.96 (0.85-1.08)
Overall meta-analysis < 0.98 (0.93-1.04)

T T
0.5 1 1.5

Fig. 2 Three study DIAGRAM [12] results for effect of rs6564851 on
type 2 diabetes (T2D) risk. Odds ratio effect based on (-carotene-
raising G allele
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We suggest that the associations between (3-carotene and type
2 diabetes are more likely to be confounded or the
consequence of diabetes disease processes rather than
aetiological. It is well accepted that observational epidemio-
logical studies can be confounded even when they account for
multiple covariates. Imperfect measurement of known and no
measurement of unknown confounding factors can often
result in spurious associations. It is also now well-known that
disease processes can begin long before diagnosis and that
metabolic disease processes clearly cause many secondary
metabolic changes [7]. A build-up of disease processes over
many years could mean that long-term prospective studies
are not immune from reverse causation. These factors could
explain the difference in results between many of the
observational epidemiology studies [13—16] and the rando-
mised controlled trials and genetic studies [4—6].

There are limitations to our Mendelian randomisation
approach [17]. The main one is that the approach tests the
effects of life-long altered exposure to modest differences in
levels, which could mean the body adapts early to the
altered state, which then has no adverse effect. Studies of
common gene variants that alter LDL-cholesterol and have
subtle, life-long effects on LDL-cholesterol, while also
altering the risk of coronary heart disease [18, 19], suggest
this is not necessarily a concern. Importantly, the weakness
of a Mendelian randomisation approach may also be a
strength, depending on the disease mechanism, since
Mendelian randomisation is likely to be testing the effects
of small changes over a longer time compared with
randomised controlled trials, which compare the effects of
a larger change over a much shorter time. It is also possible
that altered intra-cellular levels, which are not accounted for
by Mendelian randomisation approaches, could have a
disease effect. A further limitation is that the association
between [3-carotene levels and type 2 diabetes is based on a
relatively small number of cases and controls with wide
confidence intervals. However, the fact that two studies
have very similar results suggests that the point estimate of
the uncorrected association between [3-carotene levels and
type 2 diabetes is a good approximation of the real
association in the whole population.

Conclusion

We suggest that the associations between [(3-carotene and
type 2 diabetes are more likely to be confounded or the
consequence of diabetes processes rather than aetiological.
A combination of randomised supplementation trials and
Mendelian randomisation studies together provides a
powerful argument that the antioxidant (3-carotene is
unlikely to be causally involved in the pathogenesis of
type 2 diabetes.
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